To determine the therapeutic effect of oncolytic adenovirus H101 on retinoblastoma in vitro and in vivo. METHODS. The expression of coxsackievirus-adenovirus receptor (CAR) in human retinoblastoma cell line HXO-RB 44 was determined by RT-PCR, Western blot, immunofluorescence, and immunocytochemistry staining. Appropriate multiplicity of infection was determined using flow cytometry in retinoblastoma cells with green fluorescent proteinexpressing adenovirus (AdGFP). The viability of HXO-RB 44 cells treated with H101 or AdGFP was measured using a cell counting kit-8-based procedure. Viral proliferation in vitro was measured by end point dilution titration and real-time PCR. Cell cycle and apoptotic activity of HXO-RB 44 were analyzed by flow cytometry. NOD-SCID mice bearing retinoblastoma xenografts were treated with intratumoral injection of H101, AdGFP, or PBS. Tumor volume and survival time were recorded. Immunohistochemistry for adenoviral fiber protein and Western blot for adenoviral Hexon protein of retinoblastoma xenografts were performed to evaluate H101 virus replication in vivo. RESULTS. HXO-RB 44 cells expressed CAR and were sensitive to adenoviral infection. HXO-RB 44 cells treated with H101 had reduced cell viability compared with AdGFP-treated cells (P Ͻ 0.01). Abundant replication of H101 in HXO-RB 44 cells resulted in G 2 /M-phase arrest and finally tumor cell lysis, but the apoptosis pathway was not activated. Tumorbearing mice treated with H101 had reduced tumor burdens and prolonged survival times compared with PBS and AdGFP controls (both P Ͻ 0.01). Immunohistochemical and Western blot examination revealed widespread replication of H101 within the tumor. CONCLUSIONS. These results suggest that H101 effectively inhibits the growth of retinoblastoma cells in vitro and in mice and may serve as a novel therapy for retinoblastoma. (Invest Ophthalmol Vis Sci.
R etinoblastoma is the most common childhood primary intraocular malignant tumor. 1 It is estimated that 5000 new cases of retinoblastoma are diagnosed worldwide each year. 2 In the United States, the overall mean age-adjusted incidence of retinoblastoma is 11.8 per million children between birth and 4 years. 3 The primary goal of treatment for retinoblastoma is to save the patient's life, and the secondary goal is to save the eyeball and the patient's vision if possible. Enucleation, a successful approach to treat intraocular retinoblastoma as first published in 1809, is now the standard therapy for patients with advanced intraocular disease. 4 Enucleation can cure unilateral disease in more than 95% of patients but may result in vision loss and an unsatisfactory cosmetic appearance. 5 Numerous alternative treatment modalities are now being used for retinoblastoma, including thermotherapy, cryotherapy, external beam radiotherapy, chemotherapy (systemic and local delivery), and brachytherapy. The choice of treatment is determined largely by the size, location, and laterality of the tumor and by the vision potential and age of the child. 6 Thermotherapy and cryotherapy are only useful for small lesions without vitreous seeding; external beam radiotherapy may result in severe complications and can increase the risk for secondary malignant tumor; chemotherapy is commonly used to reduce tumor size before administration of local therapy. Recent studies suggest that adjuvant chemotherapy may effectively reduce the incidence of metastases in patients who have retinoblastoma with massive choroidal invasion or postlaminar optic nerve invasion. 7, 8 Eyes with diffuse vitreous seeding, however, present a particularly difficult management problem and rarely respond to chemotherapy alone. 9 Therefore, new modalities are needed to save affected eyes without later lifethreatening consequences.
A virus-based strategy takes advantage of the fact that the replication and production of adenoviral progeny require the cell cycle gatekeeper p53 to be in an inactive status, which is commonly observed in tumors caused by mutation or epigenetic silencing of the gene. One viral early gene, E1B, which encodes a 55-kDa protein (E1B 55K), is essential to virus replication. E1B interacts with cellular p53 and inactivates it to allow viral replication. ONYX-015, a modified adenovirus that lacks the E1B 55K gene, can only replicate and lyse tumor cells that have inactivated p53, sparing normal cells that retain wild-type p53 function. 10 Clinical trials in patients with recurrent head and neck cancer, metastatic colorectal cancer, or pancreatic cancer have shown that ONYX-015, used either alone or in combination with chemotherapy, is safe and has significant antitumor effect in at least a fraction of the patients. [11] [12] [13] In China, an oncolytic adenovirus called H101 has been clinically approved for the treatment of several malignancies.
Both E1B and parts of the E3 regions are deleted in this virus. Without E1B to inactivate p53, H101 adenovirus cannot replicate and lyse normal cells where p53 is active. Deletion of a 78.3-to 85.8-m gene segment in the E3 region, which includes the adenovirus death protein, may enhance the safety of the product.
14 Thus, H101 can selectively infect-and killtumor cells through viral oncolysis. 15 However, therapeutic application of H101 in retinoblastomas has not been documented.
In human solid tumors, p53 is inactivated by genetic mutation of the Tp53 gene. 16 However, in retinoblastomas, the p53 pathway is frequently inactivated through the amplification of MDMX and MDM2, which inhibit p53 activity by multiple mechanisms. 17, 18 It is estimated that the p53 pathway is inactivated in 75% of retinoblastoma patients because of overexpressed MDM2 and MDMX genes. 19 We thus reasoned that the H101 oncolytic adenovirus that targets p53 inactivation in tumors might as also work as a potential therapy for patients with retinoblastoma.
In the present study, we examined whether treatment with H101 oncolytic adenovirus inhibits the growth of retinoblastoma in vitro and in vivo. Our findings support the potential of H101 oncolytic therapy in treatment of retinoblastoma.
MATERIALS AND METHODS

Oncolytic Adenoviruses
H101, provided by Shanghai Sunway Biotech (Shanghai, China), was a recombinant human group C adenovirus with the deletion of the E1B region that encodes a 55-kDa protein and partial deletion of a 78.3-to 85.8-m-long gene segment in the E3 region that encodes the adenovirus death protein (Fig. 1) . Without E1B, H101 selectively infects and lyses tumor cells. Control AdGFP (Vector Gene Technology Company Ltd., Beijing, China) was an E1-deleted replication-deficient adenovirus in which the reporter of enhanced green fluorescent protein (GFP) was inserted into the E1 region under control of the cytomegalovirus promoter.
Cell Line and Cell Culture
Human retinoblastoma cell line HXO-RB 44 (kindly provided by Zhu Heping, Zhongnan University, Wuhan, China) was cultured in RPMI 1640 with 10% fetal bovine serum. HEK293 human embryonic kidney cells (HEK293) from the American Type Culture Collection (Manassas, VA) were cultured in Dulbecco's modified Eagle's medium supplemented with 10% fetal bovine serum.
Reverse Transcription-Polymerase Chain Reaction
Total RNA was extracted from HXO-RB 44 and HEK293 using reagent (TRIzol; Invitrogen, Carlsbad, CA) according to the manufacturer's protocol. Briefly, 3 g RNA was reverse-transcribed in a 20-L reaction volume containing 0.5 mM dNTPs, 2.5 M random primers, 40 U RNase inhibitor, and 200 U M-MLV reverse transcriptase (Invitrogen). Reactions were performed for 10 minutes at 25°C, 40 minutes at 37°C, and 15 minutes at 70°C, followed by cooling to 4°C. The cDNA samples were subjected to PCR using specific primers for the coxsackievirus-adenovirus receptor (CAR): 5Ј-TTGCTTGCTCTAGCGCTCATT-GGT C-3Ј (forward); 5Ј-TCATCACAGGAATCGCACCCATTCG-3Ј (reverse). Primers for GAPDH were 5Ј-AATCCCATCACCATCTTCC-3Ј (forward) and 5Ј-AGTCCTTCCACGATACCAA-3Ј (reverse). PCR reaction mixtures contained 1 L cDNA, 1.5 mM MgCl 2 , 0.2 mM dNTP, and 0.5 M primers. The following reaction cycle was performed 35 times: 95°C, 30 seconds; 58°C, 30 seconds; 72°C, 45 seconds. PCR products were separated by electrophoresis on 2% agarose gels, stained with ethidium bromide, and visualized under UV light.
Immunofluorescence Detection of CAR
HXO-RB 44 cells were collected and blocked with normal horse serum (1:50 dilution in PBS with 0.5% bovine serum albumin [BSA]; Vector, Burlingame, CA) at 37°C for 30 minutes. After they were washed with PBS twice, cells were incubated with mouse monoclonal antibodies recognizing CAR (1:50 dilution in PBS/0.5% BSA; Santa Cruz Biotechnology, Santa Cruz, CA) at 37°C for 2 hours. Cells were washed with PBS twice, incubated with goat anti-mouse IgG secondary antibody (DyLight 488; 1:200 dilution in PBS/0.5% BSA; BD Biosciences, San Diego, CA) and propidium iodide (PI; 1:1000 dilution in PBS; SigmaAldrich, St. Louis, MO). Cells were placed on coverslips and photographed with a fluorescence microscope at 490 to 520 nm.
Immunocytochemistry Detection of CAR
HXO-RB 44 cells were collected and attached to glass slides with cytospin centrifugation (Cytospin 4 Cytocentrifuge; Thermo, Shanghai, China). Cells were fixed with cold 95% acetone for 30 minutes, washed with PBS twice, and incubated with 0.25% Triton X-100, 5% dimethyl sulfoxide in PBS for 10 minutes. After incubation with 1.5% hydrogen peroxide for 10 minutes and two washes in PBS, cytospin slides were blocked with normal horse serum (1:50 dilution in PBS with 0.5% BSA; Vector) at 37°C for 30 minutes and incubated with mouse monoclonal antibodies recognizing CAR (1:50 dilution in PBS/0.5% BSA; Santa Cruz Biotechnology) at 4°C overnight. This was followed by the biotinylated anti-mouse IgG (Vectastain ABC Kit; Vector) at a 1:500 dilution for 30 minutes at 37°C. After two washes with PBS, slides were subsequently incubated with avidin-biotin-peroxidase complex (Vectastain ABC Kit; Vector) and diaminobenzidine substrate to develop the colorimetric reaction. Nuclear counterstaining was performed with hematoxylin for 2 minutes
Infectivity Assay
AdGFP was used to evaluate the infectivity of H101 in HXO-RB 44 cells. Short-term cultures of HXO-RB 44 (10 5 cells/well in a 24-well plate) in triplicate were incubated with AdGFP at 1, 10, 100, and 1000 multiplicities of infection (MOI) for 2 hours. Cells were harvested 48 hours later and analyzed (FACSCalibur; Becton Dickinson, Franklin Lakes, NJ).
Cell Viability Assay
HXO-RB 44 cells were plated at a density of 1 ϫ 10 4 cells per well in a 96-well plate. After incubation for 6 hours, H101 was added to each well at an MOI of 1, 10, 100, and 1000. Cells treated with PBS or AdGFP FIGURE 1. Construction of the H101 oncolytic virus. The cellular p53 protein blocks viral replication. In the wild-type adenovirus 5, E1B 55K protein binds to and inactivates p53 to allow viral replication. In the H101 adenovirus, deletion of the E1B 55K gene (black box) allows it to be replicated only in tumor cells that have the inactivated p53, whereas normal cells that retain wild-type p53 function are spared. Compared with the wild-type Ad5, part of the E3 (black box) that encodes the adenovirus death protein was also deleted in H101.
(MOI 100) were used as negative or positive control. Cell viability was quantified using a cell counting kit-8 (CCK-8; Dojindo, Kumamoto, Japan) for 5 consecutive days after infection. Viability was defined as follows:
where A experimental is the absorbance of the experimental sample, A control is the absorbance of the control sample, and A background is the absorbance of the medium. Each data point was obtained in triplicate.
Pictures were taken on day 5 to compare cell morphology among three treatment groups.
In Vitro Adenovirus Replication Assay
HXO-RB 44 cells were cultured on six-well plates and were infected with H101 or AdGFP at an MOI of 100. Four hours after infection, the cells were washed with PBS to remove any free virus in the medium. Cells and supernatant were harvested 24, 48, and 72 hours after infection, and cell lysates were prepared by three cycles of freezing and thawing. Virus titers were determined by end point dilution titration on HEK293 cells.
Real-Time PCR
HXO-RB 44 cells were harvested at 24, 48, and 72 hours after infection with H101 (MOI 100). Total RNA was extracted and reverse-transcribed into cDNA as described previously. 20 SYBR real-time PCR of Hexon protein mRNA was performed according to the manufacturer's instructions (TaKaRa, Tokyo, Japan). Specific PCR primers for Hexon protein were 5Ј-TAACCAGTCACAGTCGCAAG-3Ј (forward) and 5Ј-GTCAAAGTACGTG-GAAGCCAT-3Ј (reverse). After the denaturation step at 95°C for 10 seconds, the amplification program was set at 40 cycles, consisting of 95°C for 15 seconds, 59°C for 30 seconds, and 72°C for 30 seconds per cycle. Reactions were performed, and the data were analyzed (Rotor Gene 2000; Qiagen, Valencia, CA). Results were analyzed by comparing 2
-⌬⌬Ct values of Hexon mRNA in adenovirus-infected cells and controls.
Cell Cycle
Cells were harvested at 24, 48, and 72 hours after infection with H101 (MOI 100), fixed in 100% chilled ethanol, and kept at Ϫ20°C for at least 24 hours. To measure DNA content, cells were washed twice with PBS and stained with 25 g/mL PI (Sigma-Aldrich). Cell cycle distribution was determined by flow cytometry analysis. Ten thousand events were acquired for each sample and analyzed.
Apoptotic Analysis
Apoptosis was analyzed by flow cytometry using dual staining with annexin-V-fluorescein isothiocyanate and PI. Cells were prepared according to the manufacturer's instruction provided by the Annexin V-FITC apoptosis kit (BD Biosciences). Apoptosis was quantified on a fluorescence-activated cell sorter (Becton Dickinson, Sunnyvale, CA), and data from 10,000 events were collected for further analysis.
Animal Studies
Animal studies were performed in accordance with the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research in a protocol approved by Shanghai Jiao Tong University. HXO-RB 44 tumor xenografts were established by subcutaneous injection of 5 ϫ 10 7 cells into the right flanks of 4-to 6-week-old male NOD-SCID mice. When tumors reached the required mean tumor volume (100 -200 mm 3 ) as determined by the formula volume ϭ length ϫ width 2 ϫ 0.5, animals were randomly assigned into three groups (eight mice per group). The H101 group received intratumoral injections of H101 at 1 ϫ 10 8 pfu for 4 consecutive days; the AdGFP group received four infections with AdGFP; and control group mice were injected with PBS in an equivalent volume and schedule. Tumor size was measured by vernier calipers every 4 days.
In tumor survival study (eight mice per group), mice were euthanatized in accordance with our animal protocol, when the tumor size reached Ͼ1000 mm 3 , suggesting that the mice would die within 1 week. Animal survival was recorded on the basis of the date of euthanatization.
Immunohistochemistry for Adenoviral Fiber Protein
Mice from each group were selected randomly and killed on day 7 after treatment for immunohistochemical staining. Tumor, neighboring muscle, kidney, liver, heart, lung, and spleen samples were taken, fixed in 10% formalin, and embedded in paraffin, and 4-m sections were cut. Tumor sections were incubated at 4°C overnight with a mouse anti-adenovirus fiber antibody (Abcam, Boston, MA) at a dilution of 1:500. Sections were rinsed in PBS-T (0.05% Triton X-100 in PBS), followed by the biotinylated goat anti-mouse secondary antibody at a 1:500 dilution for 1 hour at room temperature. After two washes with PBS-T, slides were incubated with streptavidin-horseradish peroxidase (Dako, Glostrup, Denmark) and diaminobenzidine substrate to develop the colorimetric reaction. All slides were counterstained with hematoxylin. Adenoviral positive HXO-RB 44 cells were quantitated (QWin Plus; Leica, Wetzlar, Germany) and calculated as the percentage for each treatment group.
Western Blot Analysis for CAR and Hexon Protein
HXO-RB 44 cells and HEK293 cells were harvested and used for CAR analysis. Proteins were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis in 12% (wt/vol) polyacrylamide gels and transferred to polyvinylidene fluoride membranes. Membranes were incubated with secondary antibody conjugated to a fluorescent tag; the bands were visualized and quantified by and infrared imaging system (Odyssey; LI-COR, Lincoln, NE). The antibodies used were CAR (Abcam) and ␤-actin (Santa Cruz Biotechnology).
Mice from each group were selected randomly and killed on day 14 after treatment. Tumors were homogenated in liquid nitrogen. Viral Hexon proteins were quantitated by Western blot analysis, as previously described. Antibodies used were Hexon (Abcam) and GAPDH (Santa Cruz Biotechnology).
Statistical Analysis
All experiments were performed in triplicate, and the data were expressed as mean Ϯ SD. The data were analyzed with Student's t-test, and results were considered statistically significant at P Յ 0.05.
RESULTS
Sensitivity of HXO-RB 44 to Adenovirus Infection
CAR has a crucial role in adenoviral infection and may be important in the sensitivity of retinoblastoma toward H101. CAR gene and protein expression in HXO-RB 44 was examined by RT-PCR and Western blot analysis. The HEK293 cells were used as positive controls. As shown in Figures 2A and 2B , CAR was present in HXO-RB 44 cells. Both immunocytochemistry staining and immunofluorescence staining also confirmed CAR protein expression on the cell membranes of HXO-RB 44 cells (Figs. 2C, 2D) .
Using an adenovirus expressing GFP under the cytomegalovirus promoter (AdGFP), we examined the infection efficiency of retinoblastoma cells by flow cytometry analysis (Fig.  2E) . HXO-RB 44 cells exhibited a significant increase in the percentage of cells expressing GFP at an MOI as low as 10 pfu/cell, demonstrating their high sensitivity to adenoviral infection. The infection efficiency of the HXO-RB 44 was 82% at an MOI of 100 pfu/cell and did not significantly increase further at a higher MOI. These findings suggest that a dose of 100 pfu/cell produces optimal infectivity in vitro.
Cytotoxicity of H101 In Vitro
The ability of H101 to kill retinoblastoma cells was assessed with an assay kit (CCK-8). We treated HXO-RB 44 cells with H101 at various MOIs ranging from 1 to 1000 pfu/cell. Cells treated with PBS or AdGFP were used as negative or positive control, respectively. Based on the dose-time response curve shown in Figure 3A , HXO-RB 44 cells had nearly 20% cell viability 5 days after infection at an MOI of 100. Cell viability was reduced to similar levels when infected with a higher MOI. These results were consistent with infection efficacy data and confirmed that a dose of 100 pfu/cell was optimal for treatment in vitro. HXO-BR 44 cells treated with H101 dramatically reduced cell viability compared with AdGFP at the same MOIs (P Ͻ 0.01; Fig. 3B ). Under an inversion microscope, HXO-RB 44 cells were healthy in both the AdGFP group and the PBS group but were obviously lytic in the H101 group (see Fig. 6B ).
H101 Replication In Vitro
To determine H101 replication in retinoblastoma in vitro, we performed end point dilution titration on HEK293 cells. H101 replication was highly efficient in HXO-RB 44 cells, with a replication index of 400 (i.e., every virus gave rise to 400 progeny viruses within 48 hours; Fig. 4A ). To further investigate H101 replication, we measured adenoviral late Hexon gene expression in a time-course experiment using HXO-RB 44 cells that were infected at an MOI of 100 at 24, 48, and 72 hours after infection. Hexon gene expression was strongly increased at 48 hours, followed by a further increase peak at 72 hours (Fig. 4B) , thus confirming the end point dilution titration data.
Inducement of G 2 /M-Phase Arrest in HXO-RB 44
As an initial step to address the mechanism underlying H101 oncolysis in our retinoblastoma model, we analyzed the effect of H101 on the HXO-RB 44 cell cycle. We measured the cell cycle phase distribution by flow cytometry on samples stained with PI (Fig. 5) . The results showed that H101 induced a significant accumulation of cells in G 2 /M, which occurred at 48 to 72 hours after infection in the H101 group.
Effect of H101 on Apototic Pathway in HXO-RB 44
We then analyzed whether H101 treatment led to tumor cell apoptosis. Twenty-four hours after infection, apoptosis was measured using an Annexin V-FITC apoptosis kit and flow cytometric analysis. As seen in Figure 6A , H101 at an MOI of 100 did not induce apoptosis in HXO-RB 44 cells (5.85%) compared with PBS control (4.20%), suggesting that cell apoptosis is not the major pathway by which H101 kills retinoblastoma cells. In contrast, though neither AdGFP nor PBS affected HXO-RB 44 cells, H101 caused extensive cell lysis in treated cells (Fig. 6B) . Collectively, these data suggest that, as in other tumor models, H101 selectively induces tumor cell lysis in HXO-RB 44 retinoblastoma cells.
Inhibition of Tumor Growth and Prolongation of Mouse Survival In Vivo by Treatment with H101
We tested the therapeutic efficacy of H101 in vivo in a human retinoblastoma xenograft mouse model. H101 significantly inhibited tumor growth compared with AdGFP and PBS (P Ͻ 0.01; Fig. 7A ). In contrast, AdGFP had no significant effect on tumor growth compared with the PBS-treated group (P Ͼ 0.05; Fig. 7A ). This result is consistent with the cytotoxicity data and virus replication data. As expected, no significant side effects were observed in animals at the end of the experiment.
The long-term therapeutic effect of H101 was examined by measuring animal survival in each treatment group. Mouse survival data indicated that those treated with H101 had a prolonged survival time; mean survival time was 31.1 days compared with 14.9 days for AdGFP and 11.5 days for PBS (Fig. 7B) . 
Infection and Replication of H101 in Retinoblastoma Tumors
To determine infection and replication of the H101 virus in retinoblastoma tumors in vivo, we performed immunohistochemistry for adenoviral fiber protein on paraffin-embedded tissue sections of retinoblastoma xenografts. Tumors were harvested on day 7 after four injections of H101, AdGFP, or PBS. As seen in Figure 8A 8B), suggesting that H101 is locally replicated in tumors that lack the activity of p53 and will not replicate in other tissues with normal p53 activity.
Similarly, Western blot analysis showed a clear increment of adenovirus Hexon protein in the H101-treated group compared with the viral control (Fig. 8C) . Taken together, these data indicate that H101 infects and replicates effectively in retinoblastoma tumors, whereas normal cells are not affected.
DISCUSSION
Oncolytic viruses present an exciting new treatment modality in cancer therapy. In the present study, we examined the effectiveness of conditionally replicating oncolytic adenovirus H101 in the treatment of retinoblastoma in vitro and in vivo. The results indicate that H101 inhibits retinoblastoma tumor growth (Fig. 7A ) and prolongs survival in animals bearing retinoblastoma tumors (Fig. 7B) .
Local chemoreduction for intraocular retinoblastoma is being studied to find ways to avoid the toxicity of systemic chemotherapy. One local chemoreduction approach is subconjunctival injection of chemotherapeutic drugs. Subconjunctival injections of carboplatin in humans induce retinoblastoma regression within 3 to 4 weeks, but the response might not be long term. 21 Overexpression of P-glycoprotein is considered to be a major cause of drug resistance and is a serious obstacle in cancer treatment. 22 Gene therapy is another approach to induce local chemoreduction. Oncolytic virus replication leads to amplification of the viral input "dose" through viral release by virus-mediated lysis of the infected cells and the subsequent spread and infection of surrounding cells. H101, in combination with chemotherapy, is effective in the treatment of patients with late-stage cancers, including squamous carcinoma and esophageal, gastric, lung, colorectal, and breast cancers. 23 We now show that H101 is an effective therapy in the retinoblastoma model.
H101 is a replication-selective human type-5 adenovirus lacking the 55-kDa viral gene E1B, the product of which is required to inactivate the cellular tumor suppressor p53. Activated p53 in cells prevents efficient viral replication in normal cells. Thus, cancer cells lacking functional p53 might be sensitive to viral replication and subsequent cytopathic effects. Dysfunctional tumor suppressor genes such as p53 are the most common genetic lesions identified in human cancers cells, which is why H101 can be used for cancer gene therapy. Although p53 protein is highly expressed in retinoblastoma, 24 the loss of heterozygosity in the VNTR region of intron 1 of p53 is detected in 2 of 10 retinoblastoma cases. 25 Moreover, retinoblastoma has MDMX gene amplifications that inactivate the p53 pathway by reducing steady state amounts of the p53 protein, 18 accounting for the loss of p53 function in patients with retinoblastoma. CAR has been identified as a cellular receptor for adenovirus group C serotypes 2 and 5 (AdV2, AdV5) fibers and for Coxsackie B virus, and it is very important for attachment of the adenovirus to the cells. 26, 27 Mallam et al. 28 demonstrated that more than 90% of retinoblastoma cells expressed CAR and CD46, another adenovirus receptor, by immunohistochemistry and flow cytometry. RT-PCR in the present study also clearly indicated that HXO-RB 44 cell lines express the CAR gene. CAR protein expression was verified by Western blot analysis, immunocytochemistry, and immunofluorescence (Figs. 2B-D) . Thus, retinoblastoma seems to be a tumor that is well suited for H101 gene therapy.
We next verified that the retinoblastoma cell lines are sensitive to treatment with H101. As demonstrated in Figure 2E , the infection efficiency of HXO-RB 44 was 82% at an MOI of 100. The transduction efficiency of the adenovirus in retinoblastoma was higher than that in the Y79 cell line. 28 Our findings indicate that H101 strongly induced retinoblastoma cell death in vitro with an obvious dose-time effect. Nearly 80% of HXO-RB 44 cell were killed on day 5 after infection at an MOI of 100 (Figs. 3A, 3B ). Retinoblastoma cell death is caused by lysis directly rather than by apoptosis (Fig. 6 ). These data demonstrate that H101 is effective against retinoblastoma in vitro and is suitable for further in vivo experiments.
Based on the in vitro results, we investigated the therapeutic effects of H101 on tumor growth of SC HXO-RB 44 cell xenografts. In vivo experiments indicated that intratumoral injection of H101 inhibited retinoblastoma tumor growth in NOD-SCID mice. Tumor volume did not increase for a long period afterward (Fig. 7A) . No observable toxicities were noted in the H101 treatment group compared with the control group with respect to weight and general behavior.
It should be emphasized that the xenograft model used in this study may vary from retinoblastoma tumors in patients. Thus, these data might not directly translate to human studies. However, we observed antitumor activity similar to that reported in other tumor models. 29, 30 We predict that the antitumor efficacy may be potentiated by combining H101 with other local therapeutics. Recently, we demonstrated the enhanced antitumor effect of H101 in combination with a Bcl2 RNAi that targets the overexpressed oncogene in tumors. 20 In an extended study, we also proved that combined therapy of radiation with a modified H101 adenovirus that contains the Egr-1/TRAIL expression cassette significantly killed cervical tumor cells (Wang H, et al., unpublished data, 2010). We predict that H101 may be more effective in treating retinoblastomas when combined with existing clinical therapies.
Selective replication of H101 in tumors was further evaluated by measuring quantitative viral yields in treated cells using real-time PCR and end point dilution titration of HEK293 cells. To eliminate interference from the leftover H101 from the previous viral injection, we extended tumor tissue collection to 7 days after the final viral injection. We checked adenoviral fiber protein with immunohistochemistry (Figs. 8A, 8B ). Very few viral particles were detected in AdGFP controls in which adenovirus was incapable of replicating in tumor cells. However, adenovirus particles distributed extensively in tumors treated with H101, which was conditionally replicated. At day 7, the extent of H101 spread in tumor increased significantly compared with day 5 tumors, implying continuous replication of H101 in tumors.
To further verify viral replication, adenoviral Hexon protein was measured by Western blot on day 14. Similarly, higher levels of adenovirus Hexon protein in the H101-treated group were compared with the AdGFP controls (Fig. 8C) . Taken together, these data indicate that H101 infects and replicates selectively in retinoblastoma tumors. By immunohistochemical staining, we did not find systematic H101 spreading and replication into neighboring tissues, suggesting that H101 is a safe antitumor agent (Fig. 8B) .
The mechanism underlying tumor-specific killing by the conditionally replicated adenovirus has been extensively studied in a variety of tumor models. We also conducted some mechanistic work to delineate how H101 selectively kills retinoblastoma cells. As shown in Figures 5 and 6 , we demonstrated that the observed tumor cell killing and growth inhibition are related primarily to direct tumor lysis from the H101 virus rather than through activation of the cell apoptosis pathway. Tumor cell lysis and the subsequent inhibition of tumor growth are probably caused by cell arrest in the G 2 /M phase of HXO-RB 44 cells by H101. These data are consistent with the report on ONYX015 by Cherubini. 31 It is known that the p53 pathway is inactivated in most retinoblastoma patients because of the overexpressed MDM2 and MDMX genes. 19 Thus, H101 may inhibit retinoblastoma growth by the same oncolytic mechanism that targets p53 inactivation in tumors. Further studies are needed to address this hypothesis.
Compared with the recent chemotherapeutics applied in retinoblastoma, H101 has the following advantages. First, the safety of H101 therapy has been demonstrated in tumor patients. 23 Local rejection avoids the toxicity of systemic chemotherapy. Intravitreous injection techniques modified from a transcorneal approach were used safely in retinoblastoma patients with vitreous tumor seeds, and no tumor seeding along the needle tract was detected. Only mild to moderate local inflammation was observed in patients after the intraocular injection of the adenovirus. 32 Second, there is no predicted drug resistance. H101 may overcome the drawback of drug resistance common to many chemotherapeutics because of its unique tumor-specific lysis. Third, H101 is suitable for patients with vitreous seeds. A recent phase I study using suicide gene therapy demonstrated durable clinical and histopathologic responses in patients with vitreous seeds. 32 Because of the selective replication in tumor cells, we expect that H101 may be effective against vitreous seeding. In future experiments, we will test the antitumor activity of H101 combined with brachytherapy in a retinoblastoma orthotopic implantation model.
There is always a concern of the host immune response that results in the reduced efficacy of the virotherapy. Improved tumor therapy can be achieved by sustaining adenoviral replication using immunosuppression. 33 However, the fact that immune privilege exists within the eye 34, 35 may actually be an advantage for retinoblastoma virotherapy. H101 may easily escape from immune surveillance, resulting in enhanced spread of viral infection and tumor lysis. On the other hand, viral lysis may activate the host immune response to attack virally infected tumor cells, thus benefiting patients who have had H101 therapy.
In summary, H101 inhibits retinoblastoma tumor growth and prolongs tumor survival in mice. This study may add H101 oncolytic adenovirus as a new therapeutic alternative for the treatment of retinoblastoma.
